We have analyzed the pattern of core histone acetylation across 250 kb of the telomeric region of the short arm of human chromosome 16. This gene-dense region, which includes the ␣-globin genes and their regulatory elements embedded within widely expressed genes, shows marked differences in histone acetylation between erythroid and non-erythroid cells. In non-erythroid cells, there was a uniform 2-to 3-fold enrichment of acetylated histones, compared with heterochromatin, across the entire region. In erythroid cells, an Ϸ100-kb segment of chromatin encompassing the ␣ genes and their remote major regulatory element was highly enriched in histone H4 acetylated at Lys-5. Other lysines in the N-terminal tail of histone H4 showed intermediate and variable levels of enrichment. Similar broad segments of erythroid-specific histone acetylation were found in the corresponding syntenic regions containing the mouse and chicken ␣-globin gene clusters. The borders of these regions of acetylation are located in similar positions in all three species, and a sharply defined 3 boundary coincides with the previously identified breakpoint in conserved synteny between these species. We have therefore demonstrated that an erythroid-specific domain of acetylation has been conserved across several species, encompassing not only the ␣-globin genes but also a neighboring widely expressed gene. These results contrast with those at other clusters and demonstrate that not all genes are organized into discrete regulatory domains.
A n important question in the postgenome era concerns the relationship between chromosome structure and function, in particular whether genes and the cis-acting sequences regulating their expression are organized into discrete chromosomal domains. To date, such domains have been variously defined by nuclease sensitivity, histone acetylation, replication timing, and DNA methylation (1) . Specialized elements flanking such domains are thought to demarcate the transition between active and inactive chromatin and may isolate cis-acting elements within the domain from the influence of those outside (2) (3) (4) . It has been suggested that some, but not all, boundary elements co-map with nuclear matrix attachment sites (3) . Such independently regulated domains are proposed to be a regular feature of genome organization in eukaryotic chromosomes (2, 3) .
The human ␣-globin cluster provides a challenge to this model. The embryonic () and fetal͞adult (␣) ␣-like genes lie within a gene dense region close to the telomere of the short arm of chromosome 16 (5) . Although the and ␣ genes are expressed in a tissue-and developmental stage-specific manner, they are closely flanked by widely expressed genes. Curiously, their major regulatory element (␣MRE) lies 40 kb upstream of the -␣ cluster within the intron of a widely expressed gene (C16orf35) (6, 7) . Clearly, this arrangement is not consistent with a model in which independently regulated genes are arranged into structurally discrete domains. Nevertheless, it does not rule out a more complex arrangement in which there are overlapping, independently regulated chromosomal domains that do not interact with each other because of the specificity of the cisacting elements contained within them (8) .
Previous studies have attempted to define a regulatory domain containing the human ␣-globin cluster. A search for DNase1 hypersensitive sites (HSs) throughout the terminal region of chromosome 16 (5, 6) identified erythroid-specific HSs associated with the ␣MRE (HS Ϫ40) and the promoters of the ␣-like genes (Fig. 1) . Additional sites map between HS Ϫ40 and the ␣ cluster but no erythroid-specific HSs have been found upstream or downstream of these sites (9) . However, transgenes including a 70-kb segment of DNA spanning all of these erythroid HSs (GG1͞GG2 in Fig. 1 ) are expressed suboptimally in transgenic mice (10) , suggesting that the smallest region of the chromosome that will allow full regulation of the ␣-globin cluster extends beyond this 70-kb segment. Studies defining patterns of methylation (9, 11) , replication timing (12), matrix attachment regions (13) , and sequences defining nuclear position (14) have not defined any putative domain.
Recently, DNA sequence comparisons of the ␣-globin clusters in human, mouse, chicken, and pufferfish (15) have defined an Ϸ135-to 155-kb region of conserved synteny containing all of the erythroid-specific DNase1 HSs (Fig. 1) . At the telomeric end of the ␣-globin cluster, synteny extends for 67-87 kb upstream of the ␣MRE. At the centromeric end, synteny in all species ends abruptly beyond the last globin-like gene (1 in human). The simplest interpretation is that this segment of conserved synteny, corresponding to Ϸ155 kb in the human cluster, contains all sequences required for ␣-globin gene regulation and may correspond to or include the regulatory domain.
To examine this further we have studied the pattern of histone acetylation throughout the terminal region of chromosome 16, including the putative ␣-globin domain. Reversible acetylation of core histone tails plays an important role in modifying chromatin structure and regulating gene expression, affecting interactions at specific nucleosomes (e.g., at promoters and enhancers) and having long range effects throughout the chromosome (16) . In general, inactive chromatin is associated with hypoacetylated histones and active chromatin is hyperacetylated. Previous studies have characterized tissue-specific domains of acetylated histones across the ␤-globin (17-21) and the GH (22, 23) gene clusters, which are consistent with the widely accepted chromosomal domain model.
Here, we show that, although the cis-acting sequences regulating ␣-globin expression overlap at least one widely expressed gene (C16orf35), a discrete, broad domain of histone acetylation spanning Ϸ100 kb forms specifically in human erythroid cells. Similar domains of histone acetylation are also seen spanning the ␣-globin clusters in the erythroid cells of mouse and chicken. In all three species, these domains are contained within the segAbbreviations: ␣MRE, major regulatory element; HS, hypersensitive site; EBV, Epstein-Barr virus; ChIP, chromatin immunoprecipitation. ‡ To whom reprint requests should be addressed. E-mail: drhiggs@molbiol.ox.ac.uk.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. ment of conserved synteny between them. These data unexpectedly define a discrete erythroid-specific domain of acetylation across the ␣-globin cluster and extend the models relating chromosomal organization to gene expression.
Materials and Methods
Primary Cells and Cell Lines. Cell lines examined included the human erythroleukemia cell line K562 (24), a mouse erythroleukemia (MEL) cell line 585 (6), Epstein-Barr virus (EBV)-transformed human lymphocyte cell lines, human primary skin fibroblasts, and the chicken erythroblast cell line HD3 (25) . Primary human erythroid cells were obtained from the peripheral blood of normal donors (26) .
Antibodies. Polyclonal antisera to H3 and H4 acetylated at specific sites were raised in rabbits by immunization with synthetic peptides corresponding to sequences in the N-terminal domains of these histones containing acetyl-lysine residues at defined positions (27) . Each antiserum was affinity purified (28) .
Preparation and Immunoprecipitation of Chromatin (ChIP).
In each ChIP experiment, soluble chromatin fractions (S1 and S2) were isolated from Ϸ2 ϫ 10 8 cells (28, 29) . DNA from the input, unbound, and bound fractions was obtained by phenol͞ chloroform extraction and analyzed by 1.2% agarose gel electrophoresis. The specificity and efficiency of ChIP assays was determined by analyzing proteins from input, unbound, and bound fractions by electrophoresis in SDS-polyacrylamide gels. Resolved proteins were transferred to Hybond-C nitrocellulose (Amersham Pharmacia), and histones H3 and H4 were detected by immunostaining (29 Hematologic analysis and mapping of the ␣-globin cluster by Southern blot analysis of an unreported patient (AP) was consistent with the previously described 5.0 deletion (32) . Gap PCR with Expand Long Template PCR System (Roche) and the primers 1-F (167,581-167,604) and 2-R (174,516-174,495) ( Table 2 ) produced an Ϸ2-kb band. This fragment was sequenced to determine precisely the position of the breakpoints by using the primers 1-F, 3-F, 4-F, 5-F, and 6-R (Table 2) .
Results

Histone Acetylation Throughout the Terminal Region of the Short Arm
of Chromosome 16 in Non-Erythroid Cells. We used a previously described chromatin immunoprecipitation (ChIP) protocol (28) to study histone acetylation throughout the terminal Ϸ250 kb of chromosome 16. Oligonucleosomes were prepared by micrococcal nuclease digestion of nuclei, and soluble chromatin was immunoprecipitated without further purification of the nucleosomes. Although the resolution by using this approach is less than achieved by analyzing mono-and di-nucleosomes, it provides very similar results (19) and is appropriate for characterizing the broad domains of acetylation being sought in this study. Chromatin was immunoprecipitated with polyclonal antibodies that distinguish histone H4 (H4) isoforms acetylated at Lys-16, Lys-12, Lys-8, or Lys-5 (33, 34) . We also used an antibody directed against the N-terminal tails of histone H3 (H3) acetylated at Lys-14 (27) . Previous analyses with these antibodies have shown that H4 associated with both centromeric and telomeric heterochromatin is underacetylated. By contrast, H4 acetylation of three nonexpressed, tissue-specific genes (␤-globin, human GH, and pro-insulin) and two widely expressed genes (c-myc and ␣-tubulin), in EBV-transformed lymphoblasts, showed a 2-to 3-fold higher level of acetylation than heterochromatin (28) .
ChIP experiments were performed on EBV-transformed lymphoblasts and primary fibroblasts, which express many of the genes (e.g., gene nos. 5, 6, 7, 16, and 17 in Fig. 1 ) in this region of chromosome 16, but not the globin genes (5, 35) . Slot blots containing input, unbound, and bound (immunoprecipitated) fractions of DNA from the ChIP experiment were analyzed with unique sequence probes (Fig. 1 ) located throughout the terminal region of chromosome 16 and previously characterized control sequences (Fig. 2) . Each cell line was examined in three entirely independent ChIP experiments to evaluate the reproducibility of the assay. As previously noted (28) , the chromatin associated with such genes was consistently enriched (2-to 3-fold) for all forms of acetylated histones compared with heterochromatin (het 266 and DYZ2), but there were no differences between expressed and nonexpressed genes in the regions analyzed (Figs.  2 a and b, 3, and 4a ).
Histone Acetylation Across the ␣-globin Cluster in Human Erythroid
Cells. By using the same experimental approach, we analyzed histone acetylation in an erythroid cell line (K562) and primary human erythroblasts (26) . The clearest change in histone acetylation was seen by using antibodies against H4 Lys-16 and H4 Lys-5 ( Fig. 2 c and d) . Acetylation of H4 Lys-16 appeared unchanged, compared with non-erythroid cells, whereas acetylation of H4 Lys-5 was enriched between 2-and 6-fold ( Fig. 2 c  and d) . The broad segment of chromatin enriched in acetylated H4 Lys-5 was quite discrete (coordinates Ϸ72,000-176,000) with well defined telomeric (Ϸ72,000 -91,000) and centromeric (Ϸ173,000-176,000) borders. Analysis of other isoforms of acetylated histone H4 showed intermediate levels of enrichment across this region (Fig. 4b) . Acetylated histone H3 (Lys-14) was also enriched in some, but not all, areas within this region.
This erythroid-specific pattern of acetylation was similar in K562 and primary erythroid cells, although an additional peak Fig. 2 . The patterns of core histone acetylation across the human ␣-globin cluster with the probes used set out below annotated as in Fig. 1 and described in detail in Table 1 , which is published as supporting information on the PNAS web site, www.pnas.org. The scale is in kilobases. Acetylation of histone H4 at Lys-16 (white boxes and dashed line) and Lys-5 (black circles and black line) in (a) human EBV-transformed B lymphocytes, (b) fibroblasts, (c) K562, and (d) primary human erythroid progenitors. Levels of acetylation at control loci were established independently for each experiment and include the ␣-tubulin genes (T), a probe to heterochromatin repeat sequences (het 266) (H), human rDNA (R), a probe directed to a heterochromatic Y chromosome repeat (D), which is also present on the X chromosome, and a probe to the human ␥-globin gene (G). The putative boundaries of acetylation are indicated by vertical black lines. Gray lines indicate the position of the erythroid-specific HSs. of acetylation (coordinate Ϸ92,000-93,000) was seen in primary erythroid cells. Although these experiments were not designed to look at the globin genes at high resolution (see above), we noted that, in K562 cells, which express embryonic and fetal globins, acetylation of regions around the gene were higher than those around the ␣ genes. In primary adult erythroid cells, the opposite was found (Fig. 2 c and d) , thus correlating globin gene expression and histone acetylation.
The Erythroid Domain of Histone Acetylation Is Contained Within the Region of Conserved Synteny Between the Human and Mouse ␣-globin
Clusters. The region of conserved synteny between the human and mouse ␣-globin clusters has been defined (15) . Whereas the human gene cluster lies close to the 16p telomere, the mouse cluster is located at an interstitial site on chromosome 11. In the region corresponding to the telomeric end of the human ␣ cluster, conserved synteny ends beyond the IL-9 receptor pseudogene (gene no. 3 in Fig. 1 ). At the centromeric end, conserved synteny ends abruptly beyond the 1 gene (no. 15 in Fig. 1) , and the orthologue of Luc7L (gene no. 16 in Fig. 1 ) lies on mouse chromosome 17.
To investigate further the significance of the pattern of histone acetylation observed in the human cluster, we asked whether the region of conserved synteny also contained a domain of histone hyperacetylation in the mouse. By using the same panel of antibodies to perform ChIP assays in mouse erythroleukemia cells, we identified a similar, well-defined domain of H4 Lys-5 acetylation between coordinates 2,000-142,000 of the mouse ␣-globin cluster (Fig. 5) . The pattern of H4 Lys-12 acetylation appeared similar to Lys-16; Lys-8 showed similar levels of enrichment to Lys-5 (Fig. 7) . As before, the borders of the acetylation domain were well defined and located in very similar positions to those in the human cluster (Figs. 1 and 5 ). This phenomenon was particularly clear at the border corresponding to the centromeric end of the human cluster, which was analyzed in seven entirely independent ChIP experiments (Fig. 5b) .
It therefore seems likely that this region of conserved synteny, which contains all known erythroid-specific HSs and the entire segment of histone acetylation in both human and mouse, contains the ␣-globin regulatory domain.
The Erythroid Domain of Histone Acetylation Also Corresponds to the
Region of Conserved Synteny in Chicken. It has been shown previously that the chicken ␣-globin gene (␣ D ) is associated with acetylated core histones in erythrocytes (18) . Here, we studied acetylation across the entire chicken ␣-globin cluster (Fig. 6) . In this case, the extent of conserved synteny with the telomeric region of the human ␣-globin cluster has not been fully defined. However, as for the mouse and pufferfish (15) , conservation of synteny at the centromeric end of the human ␣-globin cluster ends abruptly beyond the globin genes. By using HD3 chicken erythroid progenitor cells, we again defined a domain of H4 Lys-5 acetylation spanning a similar region of the ␣-globin cluster (21,479-56,000) with a boundary corresponding to the well-defined break in synteny downstream of the ␣ genes. The patterns of acetylation observed at Lys-8 and Lys-12 were similar to Lys-5 although less consistently enriched (see Fig. 7 ). Acetylation of H3 Lys-14 showed a similar pattern to that of H4 Lys-5. Therefore, these patterns of histone acetylation are similar to those observed in other species, although the differences in the degree of acetylation of the various H4 isoforms was less prominent in the chicken cluster.
Discussion
Histone acetylation may decrease the stability of the compacted 30-nm chromatin fiber (36) and thereby destabilize the higher order structures through which chromatin is folded into the chromosome (37) . Unfolding of chromatin may facilitate many nuclear processes (transcription, replication, recombination, methylation, and DNA repair) and be reflected in a variety of indirect assays and observations (accessibility to endonucleases, timing of replication, nuclear position, and patterns of DNA methylation). By using a ChIP assay, we have shown that, in fibroblasts and lymphoblasts, chromatin in the most telomeric 250-kb region of chromosome 16 is uniformly enriched in acetylated histones when compared with centric (het 266), interstitial (DYZ2), and the telomeric (TTAGGG)n heterochromatin reported by Johnson et al. (28) . This finding is consistent with observations on other euchromatic regions, suggesting that this segment of 16p is a region of ''open,'' early replicating chromatin, containing a high density of unmethylated CpG islands and widely expressed genes (5, 12, 14) . (a) Above, the structure of the murine locus is set out as previously described (15) . The globin genes are annotated, and other orthologous genes correspond to the human genes set out in Fig.  1 (e.g., murine no. 7 is the orthologue of human no. 7). The probes used to establish the patterns of core histone acetylation across the murine ␣-globin cluster are described in Table 1 . The scale is in kilobases. The asterisk denotes a hypersensitive site that is assumed to be present but has not been experimentally demonstrated. Acetylation of the core histone H4 at Lys-16 (white boxes and dashed line) and Lys-5 (black circles and black line) is shown. The levels of acetylation for other N-terminal tail lysines are displayed in Fig.  7 . Levels of acetylation at control loci were established independently for each experiment and include the ␣-tubulin genes (T) and a probe (het 947) to heterochromatin repeat sequences (H). (b) The levels of acetylation of Lys-5 and Lys-16 across the putative 3Ј boundary were assessed in seven entirely independent experiments. The results obtained with a probe (m8: 123,063-124,463 and 135,985-137,367) to the ␣-globin gene are shown as a diagonally striped box and those by using a probe beyond the putative boundary (m9: 141886 -142293) as a vertically striped box. Vertical lines indicate Ϯ1 SD. (28, 29) , we found that, in non-erythroid cells, there are no differences in the levels of any of the H3 or H4 acetylated isoforms when comparing expressed (e.g., nos. 5, 6, 7, 16, and 17) and nonexpressed genes (e.g., globin genes). Therefore, as for other areas of euchromatin, nucleosomes monoacetylated at Lys-16 may reflect the potential for transcription rather than the transcriptional process itself. Whereas widely expressed genes are transcribed from 16p in its uniformly acetylated state in non-erythroid cells, the globin genes remain silent. This may result from the lack of the tissue-specific transcriptional activators (e.g., GATA-1) known to be involved in globin gene expression but may also involve active repression of the ␣-globin genes.
Consistent with previous observations
In erythroid cells, in which the globin genes are expressed at very high levels, we observed considerable enrichment of acetylated histones across a broad segment of Ϸ100 kb of the human ␣-globin cluster, including all currently known cis-acting elements and almost all of the gene (C16orf35, gene no. 7) lying upstream. Although the entire domain becomes acetylated in erythroid cells, there is variation from one region to another. At least part of this pattern could be explained by the recruitment of HATs to erythroid-specific cis-acting elements (e.g., ␣MRE and the and ␣ promoters) either by transcriptional activators (e.g., GATA-1) and coactivators (e.g., p300͞CBP) or as part of the basal transcription machinery (e.g., TFIID or pol II holoenzyme). It is interesting that the highest peak of acetylation is associated with a previously described erythroid-specific hypersensitive site (HS-10) for which no functional role has yet been identified. Other regions of high acetylation include the ␣MRE, the erythroid specific HS Ϫ33, the genes in K562 cells, and ␣ genes in primary erythroid cells, consistent with their relative activities in these cells. We also noted that regions located as far as 10 kb from any known erythroid-specific HSs (e.g., probe h10) showed an enrichment in acetylated histones. This suggests that either HATs are recruited to multiple sites throughout the domain or that they are recruited as part of one or more complexes, assembled where the peaks of acetylation occur, that move through the domain (38) in erythroid cells.
The acetylation of specific H4 isoforms in erythroid cells was of interest. Whereas acetylation of Lys-16 appeared unchanged, or slightly depleted compared with non-erythroid cells, Lys-5 appeared most enriched, with Lys-8 and -12 showing intermediate levels of enrichment. Does this represent a specific acetylation of Lys-5 or does it more simply reflect the overall level of histone acetylation? In general, the N-terminal lysines in H4 are acetylated in a defined order: Lys-16 followed by Lys-8 and -12, with Lys-5 being acetylated last (39) . A simple increase in acetylation of all terminal lysines moving the equilibrium toward the tetra-acetylated form would certainly result in enrichment of Lys-5. However, unless Lys-16 in this region is fully acetylated in both erythroid and non-erythroid cells, we would have also expected to see further enrichment of this isoform in erythroid cells. Therefore the N-terminal lysines may not be acetylated in this strictly defined order in all regions of the genome, and there may be specific acetylation of H4 Lys-5 (and to a lesser extent Lys-8 and Lys-12) in erythroid cells, possibly by a specific HAT activity. This pattern could represent part of an erythroidspecific histone code (40, 41) for the ␣ cluster.
Very similar patterns of acetylation were observed in the corresponding syntenic regions of the mouse and chicken globin loci, suggesting that the process by which this domain is created has been conserved throughout evolution. Perhaps the most striking conclusion from these comparative analyses was the similar locations of the borders of the acetylated domain. In the region corresponding to the telomeric end of the domain in the human cluster, there appeared to be a border lying between the C16orf35 (gene no. 7) and MPG (gene no. 6) genes. At the centromeric end, there was a striking correspondence between the end of the acetylation domain (coordinates Ϸ173,000-176,000 of the human ␣ cluster) and the previously described breakpoint in synteny between the ␣-globin clusters of human, mouse, chicken, and pufferfish (coordinates 171,000-171,186), which, in man, separates the ␣ cluster from the Luc7L gene (gene no. 16 ).
There are several interesting aspects to the region spanning and adjacent to this segment of the ␣-globin cluster. In the species studied, the break in synteny in this region has arisen by different, independent recombination events in evolution, suggesting that it marks one end of the ␣-globin domain (15) . Furthermore, it could be a preferred site of recombination; many deletions that cause ␣ thalassemia have breakpoints in or close to this area (42) . In fluorescence in situ hybridization (FISH)-based replication studies, we noted that sequences spanning this region separate later than any other segments in the terminal region of chromosome 16, suggesting that this is a point where sister chromatids might be strongly attached to each other (12) . This finding may be of interest because of two recent reports of a role for cohesin in boundary function in Saccharomyces cerevisiae (43, 44) . All of these observations suggest that this region of the chromosome may be somewhat different from the flanking regions.
Because this region includes a transition in the levels of acetylation of nucleosomes, by analogy to previous observations in the chicken ␤-globin cluster (4, (45) (46) (47) , it may represent a chromosomal domain boundary. It is therefore of interest that we recently described an Ϸ18-kb deletion (coordinates 164,044-182,396) spanning this area (␣-ZF in Fig. 1 ), which silences expression of the remaining structurally normal ␣-globin gene. During development, the CpG island associated with this ␣-globin gene becomes methylated and insensitive to endonucleases, demonstrating that the normal chromatin structure around this ␣ gene is perturbed by the ␣-ZF deletion (48) . It appears that the Fig. 6 . The pattern of histone H4 acetylation across the chicken ␣-globin locus in HD3 cells. Above, the structure of the chicken locus is set out as described in ref. 15 . The previously mapped positions of erythroid-specific DNase I hypersensitive sites are shown by vertical arrows. The globin genes are annotated, and other orthologous genes correspond to the human genes set out in Fig. 1 (e.g., chicken no. 7 is the orthologue of human no. 7). The probes used to establish the patterns of core histone acetylation across the chicken ␣-globin cluster are set out in Table 1 . The scale is in kilobases. Acetylation of the core histone H4 at Lys-16 (white boxes and dashed line) and Lys-5 (black circles and black line) is shown. The levels of acetylation for other N-terminal tail lysines are displayed in Fig. 7 .
structurally normal ␣ gene is inactivated by a negative chromosomal position effect. This finding is consistent with the view that sequences in this region normally provide a barrier to as yet undetermined effect(s) of the gene (Luc7L, gene no. 16) and͞or chromatin downstream. This region may be further defined by other deletions, including the 5.0 (32) characterized further here, removing sequences flanking the putative boundary that appear not to exert any position effects on the ␣ genes (Fig. 1) .
This study has shown that one of the features associated with the model describing chromosomal domains can be applied to the ␣-globin cluster even though this domain overlaps at least one widely expressed gene (C16orf35, gene no. 7) lying upstream of the cluster. Expression of this gene appears not to affect ␣-globin expression in non-erythroid cells, and its own expression appears to be unaffected in human and mouse by activation of the ␣MRE and the globin genes (9) , with extension of the domain of erythroid-specific acetylation across most of its length. Presumably the multiprotein complexes regulating expression of these two genes do not interact and therefore are ''insulated'' from each other by a quite different mechanism from that proposed in the classical domain model (8) . For example, acetylation of H4 Lys-5 may provide a signal involved in erythroid expression that is irrelevant to other genes embedded in the same region.
To date, all transgenes containing the ␣ genes and their regulatory element have been expressed suboptimally (49) , but this study has shown that none of them contains the entire domain of acetylation and its boundaries. Clearly an important extension of these findings will be to evaluate transgenes containing the entire putative domain.
